This paper reviews the contribution that eggs can make to the human diet and considers the additional benefits that can be derived from modifying the egg's nutritional profile and in particular the egg's fats and antioxidants. Attempts to modify the egg's fat component have tended to focus on the means by which the cholesterol level in the egg may be reduced or the ratio of n-3 to n-6 polyunsaturated fatty acids (PUFAs) manipulated. The cholesterol content of the egg has been lowered by either reducing the mass of the yolk relative to the egg (i.e. a non-specific reduction) or by using feed additives such as beta-cyclodextrin that have a specific effect on the cholesterol content of the yolk. The ratio of n-3:n-6 PUFAs in the diet is important not only because of their role in energy metabolism and biological membranes but because they affect eicosanoid metabolism, gene expression and intercellular communication. Eggs produced from hens receiving conventional feeds tend to be relatively high in n-6 PUFA but dietary manipulation can be used to either increase the amount of the n-3 PUFAs directly (using fish oil) or indirectly by increasing the levels of the precursor n-3 PUFA by feeding alphalinolenic acid (ALA) in the form of linseeds, flaxseeds or similar. Of particular interest is the n-3 PUFA docosahexaenoic acid (DHA). The relatively high degree of unsaturation makes this PUFA susceptible to oxidation during storage and cooking but this can be resolved, at least in part, by enriching the egg yolk with antioxidants such as vitamin E. Apart from reducing the rate of PUFA oxidation, enriching the level of antioxidant in the egg can also enhance levels of antioxidants in the consumer. The effect on the consumer of consuming modified and conventional eggs is considered.
Introduction
The role of food in human health is again in vogue, however the link between what we eat and our health is a subject that was being written about as long ago as 5 BC when Hippocrates wrote 'Let food be your medicine and medicine be your food.' Our renewed interest in the link between diet and health has also arguably resulted in the widespread promulgation of misquotes - ' We are what we eat.' The original quote related to another aspect of human nutrition, but again a current area of interest, the relationship between diet and social group. Thus the original quote was 'tell me what you eat and I will tell you what you are ' (Brillat-Savarin, 1825) . At a time when there is increased interest in eating healthy, unadulterated food the opportunities, but also the challenges, for the egg are considerable.
While there is potential to manipulate or enrich the nutrient content of eggs it should not be forgotten that conventionally produced eggs can make important contributions to our diet. The findings of a recent survey in the USA (Song and Kerver, 2000) showed that eggs contributed <10% of the daily intake of energy and vitamin B6, 10-20% of folate and a similar percentage of total, saturated and polyunsaturated fat. Higher levels (20-30%) of the vitamins A, E and B12 were provided by eggs. Both the n-6 and in particular the n-3 polyunsaturated fatty acids are important constituents of our diet and while the percentage is relatively small it is notable that in an Australian survey (Meyer et al., 2003) eggs were the ranked as the third most important provider of n-3 PUFA (6%), behind seafood (71%) and meat (20%). Another Australian study (McNaughton and Marks, 2002) reported that eggs were a relatively rich source of selenium (9.0-41.4μg/100g) -again coming third to seafood and meat. However, the authors of this paper highlighted an important point, which is the geographical variation in nutrient content. They observed that foods from the USA generally had higher levels of selenium than Australian foods while foods from the United Kingdom tended to have lower levels.
However, the nutritive value of an egg is potentially not only affected by geography but also by factors that influence egg size or weight or the proportion of the constituents. Thus it is well documented for example that egg size tends to increase with increasing age of the hen (Cook and Briggs, 1977) . Also, while the proportion of yolk tends to be greater in small eggs rather than large (Cook and Briggs, 1977) . It can be important therefore, when considering the nutritive value of eggs, to ensure that the weight of the egg is known. Similarly some constituents of the egg are sensitive to manipulation through the diet of the hen (Surai et al., 2000) . These caveats aside tables of nutritive values for standardised eggs are readily available (see Table) .
It can be seen that although eggs contain approximately 74% water they are potentially an important and balanced source of essential amino and fatty acids as well as some minerals and vitamins (Table) . A typical egg would contribute ~3-4% of an adult's average energy requirement and approx 6.5g of protein. The major albumen proteins are ovalbumin (54%), ovotransferrin (14%), ovomucoid (11%), ovomucin (3.5%), lysozyme (3.5%) and globulins (8%) (Li-Chan et al., 1995) . It is notable that the quality of protein in eggs is considered to be sufficiently high to be used as the standard for measuring the quality of other food proteins. Similarly eggs are a source of the B vitamins and vitamin A in particular. As is shown in the Table, in dietary terms eggs contain a significant amount of phosphorus, iodine, selenium and iron. Approximately 11% of the egg is fat, the majority of which (>99%) is located in the yolk (Table) . Before considering in more detail the fat component of an egg it should not be forgotten that fats act as carriers for the vitamins A, D, E and K.
The majority of the egg's fatty acids are monounsaturated (~44%) with saturated and polyunsaturated accounting for ~29 and 11%, respectively. While many factors may be linked to a general decline in egg consumption in Europe over the past 20 years one key factor undoubtedly has been the link made between dietary cholesterol (~213mg/egg) and predisposition to coronary heart disease (Kritchevsky, 2004) , a link that, because of its potential importance, is discussed in more detail below.
The nutritional value of the conventional egg has remained relatively unaltered for many years but there now is now considerable interest in modifying the nutritive value of some food products so as to provide the consumer with a healthier and more balanced diet. This concept originated in Japan and the term 'functional foods' was introduced in 1984 (Harris, 2000) . There are now a wide range of functional food products available including dairy products (Takahata et al., 1998; Van het Hof et al.,1998) and meat (Surai, 2000) . Of particular interest in the context of this paper, however, is the rapid growth in modified or so-called enriched eggs (Surai and Sparks, 2001) . This paper will consider the future types of enriched eggs that are either currently being produced or likely to be produced in the relatively near future and the potential constraints to increased egg production.
Cholesterol and coronary heart disease
Cholesterol is a sterol required by the body for a number of functions including the maintenance of cell membrane flexibility and permeability and the production of sex hormones, cortisol, vitamin D and bile salts. The human body can synthesise cholesterol but it is also found in some foods, in particular in meats, poultry, dairy products and eggs. Dietary cholesterol can elevate levels of blood cholesterol, however it is increasingly accepted that saturated fats and trans-fats can have a greater impact than dietary cholesterol in raising blood cholesterol levels generally and LDL cholesterol specifically. This is important because a high level of cholesterol (in particular LDL) in the blood is a major risk factor for coronary heart disease (CHD), which in turn can lead to a heart attack.
As eggs are a rich source of dietary cholesterol and experimental evidence showed that dietary cholesterol increased serum cholesterol the public were cautioned about eating eggs because of concerns about the associated risk of CHD (Kritchevsky, 2004) . However, the correlation between dietary fat and cholesterol and plasma lipid concentrations have been the subject of many contradictory views and studies over the years. Epidemiology studies, such as that undertaken by Hu et al. (1999) to examine the effect of egg consumption on the risk of cardiovascular disease, concluded that the consumption of up to one egg per day was unlikely to have a significant effect on the risk of coronary heart disease (CHD) or stroke among healthy men or women. The authors did however note that there was a tendency for egg consumption to be associated with an increase risk of CHD if the participant was diabetic and suggested that this aspect should be considered further. In contrast, a meta analysis conducted by Weggemans et al. (2001) on data covering the period 1974-1999 led to the conclusion that dietary cholesterol did raise the ratio of total to HDL cholesterol and hence 'the advice to limit cholesterol intake by reducing the consumption of eggs and other cholesterol-rich foods may therefore still be valid'. Similar findings, albeit only for women (there was no correlation for men), have been reported recently by Nakamura et al. (2004) . In contrast Song and Kerver (2000) concluded that dietary cholesterol was not related to serum cholesterol concentration and furthermore that consumers of >four eggs/week had a significantly lower mean serum cholesterol concentration compared with those who reported eating less than or equal to one egg per week.
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Some of the potentially contradictory findings that have been reported on this subject are likely to be due in part to an issue highlighted by Kritchevsky and Kritchevsky (2000) viz; that although many studies have examined the relationship between egg intake and CHD most failed to consider the impact of potentially confounding dietary factors (e.g. saturated fat intake). Arguably the complex nature of many of the diet and health interactions argues for a holistic approach to be taken and this may be reflected in the revision made by the American Heart Association in 2000 to its dietary guidelines and in particular its recommendation viz a viz eggs. Thus no longer is the recommendation to limit the number of egg yolks consumed to three to four per week but rather to restrict the average daily cholesterol intake to < 300 mg/day (Anon, 2002).
Modified or enriched eggs
As evidenced by the wide range of products available, functional foods have been readily accepted by consumers in many countries across the world. This has been supported by the positive view taken by a number of institutions and health related organisations such as the American Dietetic Association, which has stated (Anon, 2004 ) that the 'availability of functional foods … has the potential to help ensure a healthier population'. In the context of both functional foods (but also cholesterol in eggs) it is interesting to note that as long ago as 1998 a survey by Gilbert (2000) indicated that eggs were considered by most consumers to be a healthy food provided they were eaten in moderation and that egg consumption could increase as consumers traded off the potential health benefits of eggs against the perceived risks. Indeed eggs have now been produced that have been supplemented with, among other nutrients, iodine, fluorine, manganese, selenium, B vitamins, vitamin E, ginseng and conjugated linoleic acids (CLA). However, while the concentration of many of the nutrients found in an egg can be influenced by dietary manipulation of the laying hens ration, consideration should be given to the efficacy with which the nutrient is taken up by the egg and also the potential benefits to the consumer of manipulating the nutrient level.
POLYUNSATURATED FATTY ACIDS
Many of the early generation of modified eggs were enriched with the n-3 PUFA and vitamin E (the latter being present to protect the PUFA from oxidation). Eggs of this type are now widely available in Europe, America, Asia and Australasia and are the most commonly available type of enriched egg. The predominance of these eggs in the market place is arguably due to two key characteristics. Firstly the general public are sensitised to the health benefits of consuming less saturated and more polyunsaturated fat and, to a lesser extent, the need to adjust the fatty acid balance of the diet so that the linoleic acid (LA, 18:2n-6) and alpha linolenic acid (ALA, 18:3n-3) ratio falls between 5:1-10:1 (Anonymous, 1998) . Secondly it is biologically and economically viable to produce eggs that have favourable fatty acid profiles.
The concentration of n-3 fatty acids is normally increased in eggs by one of two feeding strategies (see Leskanich and Noble (1997) for an extensive review of this subject). Firstly the hen can be fed a diet containing appropriate levels of flaxseeds, linseeds or the oils from these seeds -this will enhance the concentration of ALA and, to a lesser extent DHA in the yolk. The second strategy is to add fish oil (often from menhaden, tuna or herring although algal forms are also available) to the layer diet. This significantly enhances the levels of DHA in the egg. The potential advantage of this second route is that the most of the beneficial health properties of the n-3 PUFAs are associated with DHA and the conversion of ALA to DHA is not always efficient, particularly in the young and elderly receiving diets high in n-6 PUFAs.
Eggs enriched with PUFAs may be associated with off-odours and in particular fishy taints. However, these can be minimised if the hens are fed 1.5% or less of a high quality fish oil or 5% or less flaxseed and the PUFAs are protected both in the diet and in the egg from oxidation (see Surai and Sparks (2001) for a review of this topic).
It is worth noting that, as for many of the egg's constituents, interactions can occur if the diet is manipulated. As an example of this, in a study aimed at understanding the effects of dietary CLA, while the concentration of cholesterol was unaffected by adding dietary CLA the concentration of linoleic and linolenic acids were significantly depressed (Szymczyk and Pisulewski, 2003) .
The effect of consuming n-3 enriched eggs has been the subject of many studies, in healthy adults, the very young and the aged. Typically, as shown recently by Sindelar et al. (2004) , consumption of one n-3 enriched egg results in elevated serum levels of ALA and triglycerides. Studies with dietary DHA supplied as triacylglycerol have shown a positive effect on serum DHA but a negative effect on arachidonic acid (AA), leading Payet et al. (2004) feeding DHA enriched egg-yolk to elderly individuals. The data from the study, which lasted 9 months, and during which the participants in the study consumed 150mg/d of DHA as part of egg product, showed that by 9 months the PUFA content of the plasma and erythrocyte membrane had increased by 14.5 and 25.3%, respectively. Notably though the enhanced PUFA levels were the result on an increase in DHA and AA concentration. Feeding studies using DHA-enriched eggs with the very young have also shown positive benefits. Firstly, as with the elderly, the erythrocyte DHA concentration can be enhanced (by 30-40%) by feeding n-3 enriched egg yolk (Makrides et al., 2002) . These authors also noted that the feeding of four egg yolks (conventional or n-3 enriched) per week (from 6 to 12 months of age) had no effect on plasma cholesterol levels but did result in enhanced plasma iron and transferrin saturation. A similar study (Hoffman et al., 2004) showed that feeding infants DHA-enriched egg yolk accelerated maturation in visual acuity.
VITAMINS
A study by Leeson and Caston (2003) in which the intention was to increase the vitamin level in an egg (by increasing the concentration in the hen's diet by between three and ten times the normal amount) highlights some of the issues alluded to above. Of the twelve vitamins examined (A, D 3 , E, K, B 1 , B 2 , B 6 , biotin, folic acid, niacin, pantothenic acid, vitamin B 12 ) only five (vitamin E, 25%; vitamin K, 108%; biotin, 60%; pantothenic acid 24% and vitamin B 12 , 139%) were deposited in the egg in sufficient quantities to exceed 20% of the recommended daily intake. However, when compared with the control eggs the increases in vitamin K and biotin were not dissimilar. The authors concluded that while eggs could be enriched for vitamin E and B 12 there was little justification in enriching eggs with other vitamins.
SELENIUM
Selenium consumption in many countries falls below the recommended daily allowance (RDA) and in the UK for example is only ~50% of the RDA (Yaroshenko et al., 2003) . Selenium may be added to laying hen diets either as selenite or selenate (inorganic forms) or as selenomethionine (often referred to as an organic form). The enrichment of eggs with selenium has been reviewed by Yaroshenko et al. (2003) and, as reported by Surai (2000) , it is feasible to supply ~50% of the RDA for selenium in one egg by supplementing the feed of the layer hen with 0.4ppm selenium in the form of selenomethionine.
CAROTENOIDS
Poultry nutritionists increasingly recognise that carotenoids play an important role beyond that of a precursor for vitamin A or a pigment and the ability of carotenoids to scavenge free radicals and to affect innate, humoral and cell-mediated immune response are areas of research that are developing rapidly. A carotenoid commonly used in laying hen diets is canthaxanthin, which is deposited in the yolk at a level that is linearly related to the level in the diet (Grashorn and Steinberg, 2002) . Other carotenoids that have been considered for inclusion in eggs include lycopene (Kardas, unpublished; Kang et al., 2003) . Kang et al. (2003) reported that inclusion rates of lycopene of >4 μg/g feed resulted in a significant effect on yolk colour, however when considering the potential nutritional benefits of lycopene inclusion it should be noted that the deposition rate into the yolk was ~2%.
LOW-CHOLESTEROL EGGS
Two strategies are normally adopted for producing so-called low-cholesterol eggs. The first is to reduce the amount of cholesterol per egg, for example by reducing the size of the yolk, while the second relies upon altering the lipid profile of the yolk. For the purposes of this review the intention is to focus on the latter strategy and to highlight a few of the methods that have been reported to have significant effect on the cholesterol composition of the yolk.
The cholesterol content of the yolk is, unlike some of the other constituents of the egg mentioned elsewhere in this review, relatively difficult to manipulate. A recent study by Chowdhury et al. (2005) for example, studying the effects of dietary tamarind, showed that although serum cholesterol concentrations decreased quadratically with increasing dietary levels of tamarind the concentrations of cholesterol in the yolk were unaffected by these treatments. However, Kim et al. (2004) administered 0.06% pravastatin and reduced egg, but not plasma, cholesterol levels by almost 20%. The effect was specific for pravastatin (a 3-hydroxy-3-methlyglutaryl coenzyme A reductase) as lovastatin and Park et al. (2005) significantly reduced (by 4mg/g) the cholesterol content of the yolk relative to the control by feeding beta-cyclodextrin at 6%.
The future for eggs?
Egg production in the UK has risen gradually over the past 5 years from 589,200MT to 700,000MT in 2004 such that it is now the third largest (behind France and Germany) producer of hen eggs in Europe (Anonymous, 2005) . The output from Europe's leading producer (Germany, 1,010,00MT) at this time was only sufficient to rank it eighth on the world market with China (24,000,000MT), USA (5,252,300MT) and Japan (2,505,000MT) taking the first three positions. The world market for eggs is therefore significant. It can be seen though, using the UK as a case study, that in the developed world in particular this market can be fragile. In 1988 the impact of Salmonella Enteritidis and the associated negative publicity caused egg production to be cut from 717,855MT in 1987 to 592,900MT in 1989 (Anonymous, 2005 . If eggs, whether conventional or enriched, are to continue to be regarded as an important part of the consumers' diet it is important that the product is perceived as safe and, many would argue, welfare friendly. An additional requirement for enriched or modified eggs should be guaranteed and consistent product quality, that is to say that the consumer should be sure of receiving in their egg, be it purchased as shell or processed egg, what is stated on the packaging. Enriched or modified eggs occupy a niche market, but it is undoubtedly a niche that can expand provided the consumer retains confidence in the product and the claims made for the product. 
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